Introduction
Peyronie's disease (PD) is an acquired idiopathic localized fibrosis of the penis involving the tunica albuginea of the corpus cavernosum. This condition not only gives rise to palpable plaques in the penis or painful erection but also results in penile curvature, deformities or sexual dysfunction (1, 2) . Although PD once was thought to be a rare disorder, epidemiologic studies showed a prevalence rate of 3.2-8.9% among adult men (1, 3) . Because of our incomplete understanding of the pathogenesis of PD, however, management of PD remains a therapeutic dilemma in sexual medicine. Currently, surgical intervention is the only effective treatment for this condition, and most available medical treatments have not been proven to be definitively efficacious. Thus, develop of novel and effective medical therapies for PD is required.
Fibrosis is a main pathological manifestation of PD, usually caused by proliferation of fibroblasts and accumulation of various extracellular matrix (ECM) progresses forming plaques or even ectopic calcification that appear as scars and impede expansion of the tunica albuginea during erection (4, 5) . Until now, involvement of transforming growth factor (TGF)-β has been thought to play an important role in PD-related fibrosis (6) and is also known to be upregulated in both human PD plaques and animal PD models (7, 8) . The binding of active TGF-β to its receptor triggers several signalling cascades, including the well-characterized smad and phosphotidylinositol-3-kinase (PI3K)/Akt pathways (9, 10) . In particular, the PI3K/Akt pathway has been implicated in the control of numerous cellular processes including cell proliferation, survival and inflammation (11, 12) . PI3K first activates Akt and subsequently increases the expression of downstream proteins including mammalian target of rapamycin (mTOR) and P70S6K. Recently, increasing evidence has shown that the PI3K/Akt pathway effectively regulates fibrogenic responses such as ECM remodeling and the proliferation of various types of fibroblasts (11, 13) . Indeed, blocking PI3K activity has been reported to inhibit collagen expression and the proliferation of fibroblasts such as hepatic stellate cells (14, 15) , where the inhibition of Akt has also been found to be associated with interruption of fibroblast proliferation/differentiation and collagen type I transcription. Likewise, disturbance of mTOR/P70S6K suppresses fibroblast proliferation (14, (16) (17) (18) . Therefore, inhibition of PI3K/Akt signalling pathway, as an effective way to suppress the activation or proliferation of fibroblasts, can be a novel therapeutic modality for PD-derived fibrosis.
Given the emerging importance of PI3K/Akt signalling in the pathogenesis of fibrosis, we have developed a new imidazo[1,2-a]pyridine derivative, HS-173, as a novel PI3K inhibitor. Although the anticancer effect of HS-173 has been reported in our previous study (19) , the therapeutic efficacy of this compound against PD has not yet been evaluated. In the present study, we determined whether HS-173 exerts antifibrotic effects and the potential mechanisms underlying these processes in PD-derived primary fibroblasts. Our results showed that HS-173 alleviated fibrosis by promoting apoptosis and inhibiting the expression of fibrotic mediators such as collagen, α-SMA and vimentin by blocking the PI3K/Akt pathway.
Materials and methods

Preparation of HS-173. Ethyl 6-(5-(phenylsulfonamido)
pyridin-3-yl)imidazo[1,2-a]pyridine-3-carboxylate (HS-173) is a new PI3Kα inhibitor. This imidazopyridine derivative was synthesized as described in our previous study (20) . For all in vitro studies, HS-173 was dissolved in dimethylsulfoxide (DMSO) before use.
Fibroblast cell culture. Plaque tissue was isolated from 4 PD patients who underwent surgical correction of their condition. All tissue donors provided informed consent and the procedures were approved by the internal review board of our university (21) . The tissue was transferred to sterile vials containing Hank's balanced salt solution (Gibco, Carlsbad, CA) and washed three times in phosphate-buffered saline (PBS). The biopsy tissues were minced into 1-mm 2 pieces and incubated in a shaker with 12.5 ml Dulbecco's modified Eagle's medium (DMEM) supplemented with 0.06% collagenase A (Sigma-Aldrich, St. Louis, MO) for 1 h. The cells and tissue fragments were collected by centrifugation (400 x g for 5 min), washed in fresh culture medium, and placed in 100-mm cell culture dishes (Falcon Becton-Dickinson Labware, Franklin Lakes, NJ) with DMEM supplemented with 10% fetal calf serum, penicillin (100 U/ml) and streptomycin (100 mg/ml). The dishes were incubated in a humidified incubator at 37˚C with 5% CO 2 .
Measurement of cell proliferation. Cell proliferation was measured with an MTT assay. Briefly, the fibroblasts were plated at a density of 2x10 4 cells/well in a 96-well plate and incubated for 24 h. The medium was removed, and cells were treated with either 0.1% (v/v) DMSO as a control or various concentrations of HS-173. After the cells were incubated for 72 h, 20 μl of an MTT solution (2 mg/ml) were added to each well and the plate was incubated for another 4 h at 37˚C. The resulting formazan crystals were dissolved in DMSO (200 µl/well) with constant shaking for 5 min. Absorbance of the plate was then read with a microplate reader at 540 nm. Three replicate wells were used for each analysis. The median inhibitory concentration (IC 50 ; defined as the drug concentration at which cell growth was inhibited by 50%) was determined based on the dose-response curves.
Terminal deoxynucleotidyl transferase-mediated nick end labeling (TUNEL) assay. A TUNEL assay was performed using a commercially available kit (Chemicon, Temecula, CA) following the manufacturer's protocol. The cells were plated on an 18-mm cover glass in DMEM at a density of 1x10 5 cells/ml and incubated for 24 h. The cells were then treated with 10 µM HS-173 for 24 h before being fixed in an ice-cold mixture of acetic acid and ethanol. After the cells were washed with PBS, they were stained for TUNEL. The stained cells were examined under a fluorescence microscope for nuclear fragmentation.
Measurement of mitochondrial membrane potential.
The fibroblasts were plated on 18-mm cover glasses in DMEM and incubated for 24 h so that approximately 70% confluence was reached. The cells were then incubated in the presence or absence of 5 µM HS-173 for 2 h and then incubated with 5 µM JC-1 fluorescence dye (MitoPT, Immunohistochemistry Technologies, Bloomington, MN) for 20 min in a CO 2 incubator. The slides were then washed twice with PBS and covered with Dabco (Sigma-Aldrich) before being viewed with a confocal laser scanning microscope (Olympus, Tokyo, Japan).
Western blot analysis. The cells were serum-starved for 24 h and then treated with various concentrations of HS-173 for 24 h. The cells were washed three times with ice-cold PBS before being lysed in a buffer containing 1% Triton X-100, 1% Nonidet P-40, and the following protease and phosphatase inhibitors: aprotinin (10 mg/ml), leupeptin (10 mg/ml; ICN Biomedicals, Asse-Relegem, Belgium), phenylmethylsulfonyl fluoride (1.72 mM), NaF (100 mM), NaVO 3 (500 mM) and Na 4 P 2 O 7 (500 mg/ml; Sigma-Aldrich). Equal amounts of protein were separated using 8 or 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto nitrocellulose membranes. Protein transfer was confirmed using Ponceau S staining solution (Sigma-Aldrich). The blots were immunostained using the appropriate primary antibodies followed by secondary antibodies conjugated to horseradish peroxidase. Primary antibodies specific for the following factors were used: β-actin, collagen type I, collagen type IV, plasminogen activator inhibitor-1 (PAI-1), fibronectin, phosphorylated (p)-Akt (Abcam, Cambridge, UK), p-mTOR (e-bioscience), p-P70S6K, Akt, mTOR and P70S6K (Cell Signalling Technology, Beverly, MA). All secondary antibodies were purchased from Amersham Biosciences. Bands on the blots were visualized with the enhanced chemiluminescence plus system (Amersham Biosciences). Band intensities were quantified with ImageJ software.
Immunofluorescence microscopy. The cells were plated on 18-mm cover glasses in DMEM at a density of 1x10 5 cells/well and incubated for 24 h. Next, the cells were incubated in the presence or the absence of 5 µM HS-173 for 2 h. The cells were washed with PBS and fixed in an acetic acid:ethanol (2:1) solution for 5 min at -20˚C. Non-specific binding was blocked with 5% goat and horse serum/PBS for 1 h at room temperature, and the cells were then incubated with primary antibodies against vimentin, α-SMA (Sigma-Aldrich), p-Akt (Abcam), p-mTOR, and p-4EBP1 (Cell Signaling Technology) in a humidified chamber. After washing twice in PBS, the cells were incubated with fluorescein-labeled secondary antibody (1:50; Dianova) in antibody dilution solution for 1 h at room temperature in the dark. The nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI) in the dark for 30 min at room temperature. The slides were washed twice with PBS, covered with Dabco (Sigma-Aldrich), and examined with confocal laser scanning microscopy (Olympus) at 488 and 568 nm.
Measurement of nucleus translocation. The cells were plated on 18-mm cover glasses in DMEM and grown to approximately 70% confluence for 24 h. Next, the cells were serum-starved for 24 h and then pretreated with 10 µM HS-173 for 1 h. The fibroblasts were then treated with 20 ng/ml TGF-β1 (R&D Systems) for 4 h. The cells were washed with PBS and fixed in an acetic acid:ethanol (2:1) solution for 5 min at -20˚C. Non-specific binding was blocked in 5% goat and horse serum/PBS for 1 h at room temperature, and the cells were then incubated with primary antibodies against smad2/3 (Cell Signaling Technology) in a humidified chamber. After washing twice in PBS, the cells were incubated with fluorescein-labeled secondary antibody (1:200; Dianova) in 1.5% horse serum/PBS at room temperature in the dark for 1 h at 37˚C. The nuclei were stained with DAPI in the dark for 30 min at room temperature. The slides were washed twice with PBS, covered with Dabco (Sigma-Aldrich), and examined with confocal laser scanning microscopy (Olympus) at 488 and at 568 nm.
Statistical analysis. Data are expressed as the mean ± SD, and analyzed with the ANOVA and unpaired Student's t-test. A p-value of ≤0.05 was considered statistically significant. Statistical calculations were performed using SPSS software for the Windows operating system (version 10.0; SPSS, Chicago, IL).
Results
HS-173 inhibits the proliferation of PD-derived primary fibroblasts.
We first examined the effect of HS-173 on the proliferation and viability of fibroblasts derived from human PD plaques. The cells were exposed to various concentrations (0, 0.1, 0.5, 1, 5, 10 and 50 µM) of HS-173 for 72 h. As shown in Fig. 1A , HS-173 inhibited fibroblast growth in a dose-dependent manner starting at a concentration of 0.5 µΜ. In particular, 10 and 50 µM of HS-173 significantly reduced cell growth by 40 and 80%, respectively.
HS-173 induces apoptotic cell death.
To assess the apoptotic effects of HS-173 on PD-derived primary fibroblasts, we performed a TUNEL assay. When treated with 10 µM HS-173, the fibroblasts developed morphological features characteristic of apoptotic cells. As shown in Fig. 1B , DNA fragmentation was observed by TUNEL in the cells treated with HS-173. Since the loss of mitochondrial membrane potential (ψ m ) is a hallmark for apoptosis, we also conducted JC-1 staining to identify the impact of HS-173 on ψ m (Fig. 1C) . Heterogeneous staining of the cytoplasm with both red and 
HS-173 has anti-fibrotic effects in PD-derived fibroblasts.
In order to determine whether HS-173 triggers characteristics of fibroblasts, we stained positive fibroblast markers in PD-derived fibroblasts. As shown in Fig. 2A and B, PD-derived fibroblasts highly expressed fibroblast-positive makers such as α-SMA and vimentin. In contrast, the expression of α-SMA and vimentin in cells treated with HS-173 was decreased compared to the untreated cells. In order to confirm the anti-fibrosis effect of HS-173, we performed western blot analysis. The fibroblasts were serum-starved for 24 h and treated with HS-173 (0 to 20 µM) for 24 h. As shown in Fig. 3A , the expression of PAI-1, fibronectin, collagen type I and collagen type IV was decreased by HS-173 in a dose-dependent manner. Our results revealed that HS-173 had an anti-fibrotic effect by reducing the expression of fibrosis mediators such as α-SMA, vimentin, PAI-1, fibronectin and collagen in PD-derived fibroblasts.
HS-173 suppresses the expression of smad2/3 in TGF-β1-treated PD-derived fibroblasts.
In the TGF-β signalling pathway, TGF-β binds to its receptor on the plasma membrane and smad2/3 moves from the cytoplasm to nucleus resulting in the upregulation of transcription. We investigated whether HS-173 suppressed TGF-β-induced nuclear translocation of smad2/3 in PD-derived fibroblasts. Fibroblasts treated with TGF-β1 showed high expression of smad2/3 in the nucleus compared to the control cells (Fig. 4) . Interestingly, HS-173 significantly decreased the nuclear translocation of smad2/3 in TGF-β-treated fibroblasts. Moreover, the cells treated with HS-173 showed low expression of smad2/3 not only in the nucleus but also in the cytoplasm. Our results demonstrated that HS-173 inhibited the translocation of smad2/3 in fibroblasts exposed to TGF-β.
HS-173 inhibits the PI3K/Akt/mTOR signalling pathway in PD-derived fibroblasts.
Since HS-173 is a novel PI3K inhibitor, we determined whether this compound blocked the PI3K/Akt/mTOR pathway in PD-derived fibroblasts. Fibroblasts were treated with various concentrations of HS-173 and the protein expression of PI3K/Akt/mTOR signalling factors was observed by western blot analysis. We found that the expression of p-Akt, p-mTOR and p-P70S6K was obviously inhibited by HS-173 in PD-derived fibroblasts (Fig. 5A ). To confirm these results, we performed immunofluorescence analyses. Consistent with the western blot analysis data, we found that HS-173 effectively blocked the PI3K/Akt/mTOR pathway by decreasing the levels of p-mTOR, p-Akt and p-4EBP1 in PD-derived fibroblasts (Fig. 5B) .
Discussion
Surgical correction remains the gold standard for treating PD in cases of severe deformity. However, surgical correction is available in limited cases because it is highly invasive procedure and may give rise to shortening of the penis or recurrence of penile curvature as a complication after surgery (22, 23) . Currently, a variety of oral, injectable and topical agents are available for the treatment PD (24, 25) . Unfortunately, most of medical treatment options did not demonstrate conclusive effects in PD patients, although these therapies have been proven to be effective at preclinical levels. Based on recent studies showing that PI3K/Akt signalling is involved in the development and progression of fibrogenesis during cell proliferation and collagen production (26, 27) , we synthesized HS-173, a novel PI3K inhibitor and evaluated its anti-fibrosis effects on PD-derived fibroblasts along with the underlying mechanisms. Our study showed that HS-173 exerted anti-fibrotic effects by decreasing the expression of collagen, α-SMA and vimentin in PD-derived primary fibroblasts. Additionally, this compound inhibited the growth and proliferation of the cells. Taken together, our findings suggest that the anti-fibrotic effects of HS-173 were mediated by inhibition of the PI3K/Akt signalling pathway.
PD is characterized by the proliferation of tunical fibroblasts, subsequent differentiation of these cells into contractile myofibroblasts and excessive deposition of collagen (28) . Aberrant proliferation of PD fibroblasts has also been detected in PD patients (28) . To inhibit PD fibroblast proliferation, many agents with anti-fibrotic potential have been employed to downregulate or neutralize proliferative, fibrogenic and contractile responses of myofibroblasts (29) . Thus, we first investigated the anti-proliferation effect of HS-173 on PD-derived fibroblasts. In our study, HS-173 inhibited the growth of PD-derived fibroblasts by 20-80% starting at a concentration of 0.5 µΜ. HS-173 did not only inhibit cell growth and proliferation, but also induced apoptosis in the PD-derived fibroblasts. This is of particular interest because there is an emerging evidence showing that the process of apoptosis is defective in PD plaques. It has been demonstrated that the rate of proliferation of fibroblasts derived from plaque tissue is faster than that of apoptosis (30) . Additionally, PD plaque-derived fibroblasts have higher DNA production levels than control cells (31) . Since the biological features of apoptosis include DNA fragmentation and increase mitochondrial membrane permeability (32), we identified the apoptotic effects of HS-173 using the TUNEL assay and JC-1 staining. Our result showed that HS-173 induced apoptosis by increasing DNA fragmentation. In addition, a loss of ∆ψ m following HS-173 treatment led to the induction of apoptosis in PD-derived fibroblasts.
Considering the above results, the effect of HS-173 on proliferation and apoptosis was expected to influence anti-fibrotic responses in PD-derived fibroblasts. Furthermore, previous studies have reported that the fibroblasts secrete ECM-related proteins such as collagen and proteoglycans, and in turn the ECM itself regulates fibroblast proliferation, apoptosis and migration (27, 28) . We therefore determined whether HS-173 inhibited the expression of α-SMA, vimentin, PAI-1, fibronectin and collagen type I/IV. As expected, HS-173 reduced the expression of fibrosisrelated mediators in PD-derived fibroblasts. These results were consistent with those of Mikulec et al showing that tamoxifen used to treat PD inhibits the proliferation of fibroblasts and decreases collagen synthesis (33) . Our findings suggest that HS-173 exerts anti-fibrotic effects by regulating the proliferation and apoptosis of PD-derived fibroblasts.
PI3K is well known to control many cellular functions such as proliferation, survival and migration (14) . Recently, the PI3K/Akt pathway has been reported to represent a mechanism critical for the proliferation of fibroblasts in various organs including the lung, liver and heart (26, 34, 35) . Furthermore, inhibition of PI3K/Akt activation decreases both fibroblast proliferation and differentiation into myofibroblasts in human lung (36) . Thus, PI3K signalling is activated in fibroblasts and correlates with collagen production (34, 37) . If PI3K is targeted, the expression or activation of various fibrogenic mediators might be reduced. In this regard, the PI3K/Akt signalling pathway could represent a therapeutic target for PD-derived fibrosis. However, it has been not reported whether this signalling pathway contributes to the regulation of PD.
We therefore evaluated the activation of the PI3K/Akt signalling pathway in PD-derived fibroblasts and suppression of this pathway by HS-173. We observed that the expression of Akt, mTOR and P70S6K was notably increased in PD-derived fibroblasts, indicating that the PI3K signalling pathway was activated in PD-derived fibroblasts. On the contrary, HS-173 significantly inhibited PI3K signalling. These results led us to hypothesize that the anti-fibrotic effects of HS-173 might be mediated by inhibition of the PI3K/Akt pathway. It was previously reported that LY294002 (a pan-inhibitor of PI3K) abrogates cell proliferation as well as α-SMA expression and collagen synthesis in embryonic fibroblasts (38) . This is consistent with data from our present study showing that PI3K inhibition by HS-173 decreased the proliferation of PD-derived fibroblasts and collagen expression.
In conclusion, the present study shows that HS-173, targeting the PI3K/Akt pathway, has an anti-fibrotic action. To our knowledge, this is the first report showing that inhibition of PI3K/Akt signalling pathway may be potentially useful for the treatment of PD although the effect remains to be evaluated in vivo.
